In this paper, assumptions regarding future land use as a key uncertainty is considered and its impact on risk analysis for contaminated sites is assessed. Risks are assessed for two land use scenarios (current-use industrial and future-use residential) using probabilistic models that incorporate uncertainty and variability in the exposure parameters. Residual risks are calculated for both industrial and residential cleanup standards.
INTRODUCTION
Risk analysis is comprised of two tasks: risk assessment, wherein environmental and health impacts are quantified, and risk management, wherein this quantification, along with institutional (social, political, economic, regulatory, etc.) factors are employed to protect human health and the environment. Recent emphasis in the risk analysis field has been focused on uncertainty in the risk assessment process; i.e., on both characterizing model and data uncertainty and on reducing uncertainty. Attention has also been placed on developing new technologies (e.g., Monte Carlo simulations) to increase the accuracy of the risk assessment process. Research in the risk assessment arena tends to focus on multimedia exposure assessment, dose/response characterization, and the development of models for uncertainty propagation. However, the uncertainties in the risk management process, particularly regarding the institutional factors, may also be large and have not received as much attention.
In this paper, we consider assumptions regarding future land use as a key institutional uncertainty and its impact on the risk analysis paradigm. Our objectives are threefold: (1) to estimate the impact of future land use assumptions on uncertainty, (2) to show how these assumptions regarding future use of a site impact the remedy selection process at a Superfund site, and (3) to show how the uncertainty inherent in such a decision may impact the cost of remediation. We also make some recommendations regarding land use planning as a way of dealing with this institutional uncertainty.
BACKGROUND
In performing a risk assessment, both model uncertainty and data uncertainty can be considered. Data uncertainty includes both variability and uncertainty. The variability may be due to a spectrum of human physiological behavior such as breathing and drinking rates, and the uncertainty may be due to a lack of precision regarding biological, chemical and physical data, and processes. However, there are two other uncertainties that should to be considered before performing a risk assessment and that impact any decision regarding remedial actions considered for a particular site. These uncertainties are due to assumptions regarding institutional (e.g., social, political, economic, etc.) factors that are made at the time the assessment is performed and to institutional factors that may actually occur at some future time. Potential land use is one of the more important of these institutional factors and includes commercial/industrial (restricted), recreational (limited), or residential (unrestricted) use. As shown in this paper, it is important to consider current and future land use in performing a risk assessment and in managing the risks.
Land use assumptions made at the time an assessment is performed impact the quantification of risks via the exposure scenarios in terms of the exposure parameters (e.g., ingestion rates, exposure frequency, and exposure duration) chosen. This impact occurs because most of the exposure parameters differ between the populations considered at risk (e.g., workers, residents, recreational visitors, etc.) that correspond to the land use assumptions.
Actual future alternative land use requires different cleanup goals for many of the contaminated environmental media. Directly related to these cleanup goals are the costs of the remedial action. As the cleanup goals become more stringent (i.e., lower allowable residual contaminant concentrations), the costs of meeting these goals rise. If a site is to be used for residential purposes, the cleanup goals are much more stringent than they would be if the site were used for commercial purposes. This stringency arises because the receptors in a residential scenario are assumed to be exposed to contaminated media for larger portions of the day, longer periods of their life, and usually for more varied exposure routes (i.e., water ingestion, dermal contact, etc.). In addition, children are included in the populations at risk for a residential scenario and are sometimes considered the more sensitive individuals in a population because of physiological and biological factors.
Although it is important to evaluate potential future land uses, it should be noted that the actual future use of a Superfund site may be unknown. Some Superfund sites are commercial/industrial with current activities at the site expected to continue during and after cleanup; hence the likelihood of a residential scenario on such a site may be very low. Superfund sites may be located in areas that are very rural with low population densities and low projected growth. On the other hand, abandoned urban sites and military sites subject to "base closure" (which may be publicly released) have future commercial or residential value.
In this paper, land use planning is considered to be a risk management tool aiding in the remedy selection process at Superfund sites. Incremental lifetime cancer risks are assessed using probabilistic models 1 that incorporate the uncertainty and variability of the input parameters and utilize parameter distributions based on current and applicable site-specific data. In the next section, the methodology employed is described and is then applied to a Superfund site in northern California. This site was chosen because it had a record of decision (ROD) and an attendant risk assessment. We conclude with a summary and some conclusions.
METHODOLOGY
The impact of assumptions regarding land use is treated in this paper by assessing the incremental lifetime cancer risks that would result from alternative future uses of a site and comparing them with current-use scenarios. Superfund sites are typically industrial sites and thus, land use for current-use conditions would be commercial/industrial. Therefore, the alternative future land uses or conditions would be recreational or residential. The former is based on limited use of the land and would not pose a great risk to human health. However, the latter is based on unrestricted use of the land and would pose a greater risk. To evaluate future land uses that pose potentially harmful situations, it is clear that residential use of the land should be considered.
To calculate the risks for residential use of the land, it is assumed that residents live directly on the site. In this paper, Monte Carlo simulations are used to create distributions for both current-and future-use (residential) risks. These results are compared to the original risk assessments and the uncertainties associated with land uses are evaluated. Residual risks (i.e., risks calculated at the cleanup level chosen) are also calculated for current-and futureuse conditions as appropriate.
Risk assessments performed in support of Superfund activities are based on the incremental lifetime cancer risk (ILCR) to an individual defined by: ILCR = LADD × CPF (1) where LADD is the lifetime average daily dose and CPF is the cancer potency factor. A general expression for LADD is given in the Risk Assessment Guide for Superfund (RAGS) 2 as:
where C = chemical concentration; the average concentration contacted over the exposure period (e.g., mg/ liter water) CR = contact rate; the amount of contaminated medium contacted per unit time or event (e.g., liters/day) EFD = exposure frequency and duration; describes how long and how often exposure occurs. Often calculated using two terms (EF and ED): EF = exposure frequency (days/year); ED = exposure duration (years)
LADD (mg/kg -day) = BW = body weight; the average body weight over the exposure period (kg) AT = averaging time; period over which exposure is averaged (days)
The exposure factors are modified for each exposure route. 2 The parameters appearing in eqs 1 and 2 are variable or uncertain.
The advent of inexpensive computing has facilitated convenient adaptation of uncertainty propagation in risk assessment. Commercially available computer programs such as Crystal Ball and @Risk enable a user to represent uncertain variables using probability distributions and to propagate uncertainty throughout the risk assessment models. In addition to characterizing the uncertainty in the risk, the resulting risk distribution can be used to estimate the mean, median, and other percentile risks. In this paper, risk distributions are presented in place of point estimates to allow a more informed decision regarding remedy selection.
For the Superfund site considered in this paper, measured contaminant concentrations were available. They were employed by EPA and other interested parties in arriving at a ROD. The use of measured contaminant concentrations is an attempt to capture the existing risk without regard to natural dilution or degradation processes that may occur with time. The analyses presented in this paper uses these measured contaminant concentrations in conjunction with EPA-developed exposure models described above. For this analysis, however, the current literature was searched to develop distributions for the uncertain and variable parameters appearing in these exposure models and for the cancer potency factor (CPF). A sample of these are shown in Tables 1-3 .
In this paper, the uncertainties and variabilities in the exposure parameters were evaluated 1 and after determining which parameters required reassessment, the corresponding uncertainties and variabilities were quantified. A cumulative probability distribution function or a probability density function was then assigned to each parameter. These distribution or density functions can take several different forms (e.g., normal, lognormal, uniform, triangular, etc.). The determination of which form of distribution function to assign to each parameter depends on both site-specific data and judgment based on statistical analysis. Sitespecific data, existing data in the most current literature, and engineering judgment are used to assemble distributions. Considered to be the most up-to-date description of the parameter, 1, 3 it is summarized in Tables 1-3 . After characterizing the uncertainty or variability associated with each parameter, the uncertainty in the risk can be estimated. For the risk assessments presented, the commercially available software package Crystal Ball (Version 3.0.1, January 1994, Decisioneering Corporation, Denver, CO) is used. In this paper, Crystal Ball is used to propagate the uncertainty and variability of the parameters throughout the calculation of the risk. This propagation results in a distribution function for the risk.
Crystal Ball uses a Monte Carlo simulation in order to propagate the distributions. The Monte Carlo method is commonly used to propagate distributions because of its simplicity, general applicability, and asymptotic exactness. 4 The Monte Carlo simulation calculates the risk several thousand times by drawing parameter values randomly from the distribution functions. In this paper, a sample size of 5,000 was used. Each value of risk has a corresponding probability. Certain values within each distribution function will be drawn more frequently due to their higher probability or likelihood. Others will be drawn less frequently. The end result is a distribution of the risk with corresponding probabilities. For analyzing the results of this paper, the mean and median values, as well as the 10 th and 90 th percentiles, were extracted and presented.
THE BAXTER/INTERNATIONAL PAPER/ ROSEBURG SITE
Site Background The site evaluated in this paper is the J.H. Baxter/International Paper/Roseburg Forest Products (B/IP/R) Superfund site in Weed, CA. The site is comprised of properties currently owned by J.H. Baxter and Co. and Roseburg Forest Products. It was owned previously by the International Paper Co. and its predecessors. These properties historically have been used for lumber product manufacturing and wood treatment operations. Currently, the site is occupied by a wood treatment facility owned by J.H. Baxter and Co. and a lumber and veneer mill owned by Roseburg Forest Products. Soil, surface water, groundwater, and sediment have been contaminated by waste disposal, handling, and discharge practices during 50 years of plant operations.
The North Coast Regional Water Quality Control Board (NCRWQCB) and the California Department of Health Services (DHS) initiated investigations of waste disposal practices and environmental contamination in 1982. These investigations documented releases of treatment chemicals from the site and led to its designation as a hazardous waste site. In 1985, the potentially responsible parties (PRPs) (i.e., J.H. Baxter and Co., Roseburg Forest Products, and International Paper Co.) were instructed by EPA, NCRWQCB, and DHS to conduct a comprehensive remedial investigation (RI) under the guidance of the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) and EPA direction. Because EPA found the PRP's execution of the RI unsatisfactory, the agency directed a contractor to conduct the investigation in 1986. 5 The EPA-directed RI determined that the environmental media affected were air, soils, surface water, and groundwater. The primary contaminants of concern were arsenic, carcinogenic polycyclic aromatic hydrocarbons (PAHs), pentachlorophenol, and polychlorinated dibenzo dioxins and furans (PCDD/PCDF). All of these contaminants were detected at concentrations exceeding DHS health standards in at least one environmental medium. Contaminants of lesser concern were chromium, copper, zinc, benzene, and noncarcinogenic PAHs. These contaminants were either detected at concentrations below health standards, not as widespread, or considered to be less toxic than the primary contaminants of concern.
The routes of exposure for each scenario assessed in this paper follow the ROD. 6 For current-use conditions, where present activities were assumed to continue, the populations at risk were considered to be workers at the site and residents living in the surrounding area. The routes of exposure considered for workers at the J.H. Baxter facility and at the Roseburg Forest Products facility were direct contact with soil and inhalation of fugitive dust. For children living in the surrounding area, direct contact with soil, surface water, and sediments was considered to be the primary exposure route. For adults living in the surrounding area, inhalation of fugitive dust was considered to be the primary exposure route.
For evaluation of future-use conditions, land use at the site was assumed to be residential. In this case, the population at risk was considered to be residents living on the actual site. The routes of exposure considered for residential children on the J.H. Baxter site and on the Roseburg Forest Products site were direct contact with soil, ingestion of groundwater, inhalation of volatiles released from groundwater, and direct contact with sediments. The routes of exposure considered for residential adults on the J.H. Baxter site and on the Roseburg Forest Products site were direct contact with soil, ingestion of groundwater, and inhalation of volatiles released from groundwater. For each exposure scenario, both an average and maximum plausible exposure were assessed. 6 
Results
In the original baseline risk assessment for the B/IP/R site performed by EPA, an alternative use (future-use residential) for the site was considered. Moreover, the remedy selected was based on this future-use scenario. In this scenario, it was assumed that residential children and adults would occupy the site before any remedial activities occurred. This future-use scenario may be unrealistic in that for the J.H. Baxter facility, current operations are expected to proceed during cleanup and continue after the remediation is complete. For the Roseburg Forest Products facility, the future-use scenario may also be unlikely given the local economic conditions. This facility is located in a very rural area with low population density and low projected growth. Future residential use of this facility would be unlikely. 7 However, this future-use residential assumption played an important role in the original risk assessment because the cleanup standards for the chosen remedial action were based on the future-use residential scenario. It is of interest to know how the current-use (i.e., continued use as commercial/industrial) risks compare to the future-use risks for both baseline and residual contaminant conditions. The residual incremental lifetime cancer risk to workers and nearby residents was not calculated in the ROD. Figure 1 shows the total risk distributions (all exposure pathways) for current-use workers and future-use residents at the J.H. Baxter facility. Since the conditions at both the J.H. Baxter facility and the Roseburg Forest Products facility were very similar, only the results for the J.H. Baxter facility are shown. Figure 1 illustrates that the baseline risks for currentuse workers is much lower than the baseline risks for future-use residents at both the mean and median values. Even the upper 90 th percentile risk for workers is smaller than the lower 10 th percentile risk for children. In fact, the currentuse worker risk is more than 10-fold smaller than the futureuse child risk for all values of the distribution. However, the majority of the risk distribution for each scenario is larger than the EPA threshold for action level of 10 -4 . [8] [9] [10] Only the tail end of the current-use worker risk distribution falls below this level. Thus, remedial action would be necessary regardless of whether the current-use worker risk or future-use residential risk was used to determine the remedy.
To gain further insight into land-use assumptions, Figure  2 shows the difference in risk for the public as nearby residents and as site residents. This difference in risk is nearly 4 orders of 17 Driver et al., 18 Duggan and Williams, 19 Gallacher et al., 20 Que Hee et al., 21 Roels et al. same as same as same as same as Table 1  Table 1  Table 1  Table 1  Table 1 The parameter definitions are the same as those for Table 1 .
magnitude for children and 3 orders of magnitude for adults at all comparable values of the risk distribution. The difference in risks between the current-use and future-use scenarios is primarily due to the different contaminant concentrations the public is assumed to be exposed to in each scenario. The contaminant concentrations on site are much greater than those off site and hence, the resulting onsite risks are expected to be much greater. In addition to the difference in risks between scenarios, there is a difference in which population is exposed to a greater risk. Figure 2 shows that for current-use conditions, the adult is at a slightly greater risk, while for future-use conditions, the child is at greater risk. The results for the current-use conditions may seem contradictory in that while a child is a more sensitive individual, the adult population is at greater risk. This is due to the fact that in each scenario, each population is assumed to be subject to different exposure routes. For the current-use conditions, the adult is exposed to a high-risk route, while the child is exposed to relatively low-risk routes (i.e., adults are exposed via inhalation; children via dermal contact). The results for the future-use condition illustrate the point made above about the sensitivity of a child population. For this scenario, the exposure routes for both the child and adult populations are assumed to be identical. The child population is at greater risk for this scenario primarily because of their lower body weight.
In order to evaluate how land use planning would affect the relative health protection of the chosen remedy, the residual risks (i.e., the risks remaining after remedial activities) for the future-use scenario were calculated for the remedy. The remedy chosen for soils contaminated with inorganics was excavation, fixation, and on-site disposal. This remedy involves the excavation of soils contaminated with arsenic exceeding the 8 ppm cleanup goal at depths up to approximately 2 feet, but potentially deeper at localized areas of the site. After being mixed with a fixation agent such as Portland cement, the fixed soil would then be replaced on the site. The total cost of this remedial action would be $4.7 million. 6 Excavation, biological treatment, and on-site disposal was the remedy chosen for soils contaminated with organics. This remedy involves the excavation of soils contaminated with cPAHs exceeding the 0.5 ppm cleanup standard at depths of approximately 2-12 feet (or to the top of the groundwater table) at the J.H. Baxter facility and at depths of approximately 0-5 feet at the Roseburg Forest Products facility. The soil would be placed in a controlled land-treatment unit consisting of a shallow excavation (approximately 10 feet deep) lined with clay and synthetic material. Natural microbial populations would be used to treat the soil. To enhance this biological treatment, the soil would be mixed with nutrients and fertilizers. The treated soil would be left in its excavation, covered by clean soil, and a vegetative cover would be allowed to establish itself. Institutional controls and leachate monitoring would be necessary to assure that the residuals are not disturbed or removed. The total cost of this remedial action would be $7.4 million. 6 Remedy for soils contaminated with both organics and inorganics was excavation, biological treatment, onsite fixation, and on-site disposal. This involves the excavation of soils contaminated with arsenic, pentachlorophenol, PCDDs/PCDFs, and cPAHs exceeding the cleanup standards of 8, 17, 0.001, and 0.5 ppm, respectively, coupled with biological treatment of soil to reduce or destroy organic contaminants (as described in the remedy for soils contaminated with organics). The excavation depth would range from 0 to approximately 12 feet, or to the top of the water table. The soil would be placed in lined-treatment cells for microbial destruction of organics. To control the mobility of the inorganics and residual organics, the biologically treated soil would be fixed with a stabilization agent (as described in the remedy for soils contaminated with inorganics). The treated and fixed soil would be placed back into the lined cells. The total cost of this remedial action would be $8.3 million. 6 Extraction, biological and chemical treatment, and discharge was the remedy chosen for contaminated groundwater. This remedy involves using extraction wells to pump the contaminated groundwater to the surface and biologically treating it with naturally occurring microorganisms to remove organics. Treatment would occur until cPAH and pentachlorophenol concentrations were reduced to 5 and 2.2 ppb, respectively. To remove inorganics, the extracted water would be treated with a chemical precipitation process.
This treatment would occur until arsenic concentrations were reduced to 5 ppb. All other principal and low-level threat organic and inorganic contaminants would be treated to their respective cleanup standards. The treated water would then be discharged. The total cost of this remedial action would be $17.4 million. 6 Contaminated surface water is created when run-off or precipitation comes into contact with contaminated soils. The remedy chosen for contaminated surface water was treatment and/or isolation of contaminated surface soils. The remedies chosen for soils, as discussed previously, would effectively remove, treat, or isolate contaminated surface soils. Future surface water contamination would be prevented or minimized by these actions because they would prevent or greatly reduce the contact between run-off, precipitation, and surface water and contaminated soils. Because these remedial actions previously were selected for implementation, no additional costs are associated with them. 6 No action was the remedy chosen for contaminated sediments. There would be no costs associated with this remedial action.
In calculating the residual risks (i.e., the risk after cleanup), each environmental contaminant concentration data set for each chemical in each media was reevaluated. For each data set, the samples with concentrations exceeding the cleanup standard were reduced to the cleanup standard for the respective chemical and media. The required point estimate or distribution was then extracted from the reevaluated concentration data set and the respective residual risk estimates were then calculated.
The exposure routes considered were the same as those used for the baseline risk assessment. The results, shown in Figure 3 , display the baseline and residual (i.e., after cleanup) risk distributions for both current-and future-use conditions (based on residential cleanup standards).
In considering remedy selection, EPA generally considers the range of 10 -4 to 10 -6 lifetime individual cancer risk to be a target risk range, [8] [9] [10] where no remediation may be required, and risks below 10 -6 , to be de-minimus (i.e., acceptable). Hence, in interpreting the results of a baseline risk assessment, a risk above 10 -4 would require remediation; risks in the range 10 -4 to 10 -6 may require remediation based on site-specific conditions and activities. Figure 3 shows that the chosen remedy would sufficiently protect the health of current-use workers using the guideline described above at both the median and mean values of the risk. However, the chosen remedy does not appear to be sufficiently protective of future-use children, and only marginally so for future-use adults (at 10 -4 ). It is not protective in any case at 10 -6 . In addition, the risk reduction achieved for the current-use workers is much greater than that for the future-use residents because the cleanup standards were based on residential use of the land. As previously mentioned, the cleanup standards for residential use are much more stringent than those for commercial/industrial use.
To further investigate the effectiveness of the remedies chosen, the risk reduction for each media was also evaluated. Figures 4 and 5 show the risk reduction for each media using the Monte Carol methodology 90 th percentile risk estimate for future-use conditions of residential children and adults, respectively. Also included in each figure are the costs associated with each remedy. These figures show that while the remedies chosen for contaminated soils may be sufficient to protect human health, those chosen for groundwater may be of questionable value because the residual risks are above 10 -4 .
In fact, the residual risks calculated for groundwater are greater than the baseline (unremediated) risks for soil. Although $17.4 million is allotted to clean the groundwater, the risk reduction may not be sufficient to protect human health. On the other hand, the $20.4 million allotted to clean the soils may be more than sufficient. It may be in the best interest of protecting human health to spend more to clean the groundwater and less to clean the soil. Alternatively, prohibiting use of groundwater at this site may be a cost-effective approach to protecting public health.
By evaluating the residual risk for both current and future uses, it can be seen that the chosen remedy would be effective for the current-use conditions, but not for the future-use conditions. Knowing this, a risk manager could then either choose another remedial alternative focusing on the groundwater in order to protect the health of future-use residents, or place deed restrictions on the land to limit its use to commercial/industrial and remediate the site accordingly. If the latter was chosen, a different remedial alternative could be used because the remedy could then be based on commercial/industrial use instead of residential use. This approach would decrease the cost of remediation because the cleanup standards for commercial/industrial use are less stringent than those for residential use. Based on these results, a risk manager could utilize land-use planning to restrict land use to commercial/industrial, thereby reducing both risk and cost.
SUMMARY AND CONCLUSIONS
In this paper, we have assessed the incremental lifetime cancer risks at a Superfund site for two different land-use scenarios (current-use industrial and future-use residential). In general, for the unremediated site, the future-use residential scenarios produce larger risks (from 1 to 3 orders of magnitude) than the current-use industrial scenarios because of exposure assumptions and contaminant concentrations.
For the site studied, the residual risks calculated for the remedy selected was not sufficiently protective of future-use residents based on the EPA target range of 10 -4 to 10 -6 , but was protective of current-use workers, even though the cleanup criteria chosen were residential. This discrepancy occurred because the standards were not riskbased, and focused on the wrong environmental media, and hence exposure route.
Land-use planning can be a very useful tool for risk managers. In considering land-use planning, feasible future uses of the land should be evaluated, and the corresponding exposure routes and risks should be assessed. This allows the risk manager to identify potentially harmful situations and also provides a tool that can be used as a preventative measure. One can base remediation decisions on a future-use scenario simply because it projects the highest risk estimates to ensure protection of human health. However, such an approach could result in the choice of an unnecessarily costly remedy. On the other hand, if a particular land use results in extremely high risk values, land-use planning can be used as a preventative risk management tool (e.g., deed restrictions can be used to limit or restrict that particular land use). This would allow the risk manager to base the choice of remedial activities on a land use with lower risk values. Lower risk values, in turn, would reduce the cost of remedial activities. In order to make the remedy selection process more effective, it is advisable that other land uses be evaluated and that land-use planning be used as a risk management tool. As previously mentioned, the actual future use of a site may be unknown. When evaluating potential future uses for remedy selection, the corresponding likelihood must be considered.
